Background We report the determinants of serum levels of vitamin D in a UK melanoma case-control study benefitting from detailed exposure and genotyping data. Methods Sun exposure, supplemental vitamin D, and SNPs reported to be associated with serum levels were assessed as predictors of a single serum 25-hydroxyvitamin D 3 measurement adjusted for season, age, sex, and body mass index. Results Adjusted analyses showed that vitamin D levels were sub-optimal especially in the sun-sensitive individuals (-2.61 nmol/L, p = 0.03) and for inheritance of a genetic variant in the GC gene coding for the vitamin D-binding protein (-5.79 for heterozygotes versus wild type, p = \0.0001). Higher levels were associated with sun exposure at the weekend in summer (?4.71 nmol/L per tertile, p = \0.0001), and on hot holidays (?4.17 nmol/L per tertile, p = \0.0001). In smoothed scatter plots, vitamin D levels of 60 nmol/L in the non-sun-sensitive individuals were achieved after an average 6 h/day summer weekend sun exposure but not in the sun-sensitive individuals. Users of supplements had levels on average 11.0 nmol/L higher, p = \0.0001, and achieved optimal levels irrespective of sun exposure. Conclusions Sun exposure was associated with increased vitamin D levels, but levels more than 60 nmol/L were reached on average only in individuals reporting lengthy exposure (C12 h/weekend). The sun-sensitive individuals did not achieve optimal levels without supplementation, which therefore should be considered for the majority of populations living in a temperate climate and melanoma patients in particular. Inherited variation in genes such as GC is a strong factor, and carriers of variant alleles may therefore require higher levels of supplementation.
Introduction
Vitamin D is important to human health [1] [2] [3] , but suboptimal levels have been commonly reported [4] even in hot countries such as Israel [5] . Blood levels are determined in part by sun exposure and pigmentation, so that darker-skinned people tend to have lower levels compared with paler-skinned people living at the same latitude [6] . Recent evidence suggested, however, that within whiteskinned populations, the very fair surprisingly have lower vitamin D levels, which may result from different behaviors in the sun [7, 8] . Vitamin D is fat soluble, and obesity is associated with its lower levels in blood [9] . In many populations levels change with age [9] . Most recently, genome-wide association studies reported that a SNP in the gene coding for the group-specific complement (vitamin D-binding protein, GC) is associated with serum levels, with additional probable involvement of genes involved in the production of the active form of vitamin D [10, 11] .
The approach to supplementation or recommended sun exposure internationally remains controversial, especially for those at increased risk of melanoma [12, 13] . The benefits of sun exposure in terms of its effects on serum vitamin D levels must be weighed against increased melanoma risk. There are also concerns from studies on prognosis in breast cancer patients [14] and risk of cardiovascular disease [15] that the risk curve may be U-shaped: that there may be increased risk of disease progression associated with very high levels of serum vitamin D.
We reported that lower serum vitamin D levels at diagnosis are associated with thicker melanomas and poorer outcome [16] , so that understanding the determinants of vitamin D levels in this population is important. In this paper, we report the relationship between serum vitamin D levels and variables postulated to determine those levels, such as reported sun exposure, phenotype, dietary supplementation and the following SNPs [10, 11] : rs2282679, in the GC gene coding for vitamin D-binding protein; rs10741657 in CYP2R1, the gene that encodes vitamin D 25-hydroxylase, a key enzyme in the conversion of vitamin D3 to an active vitamin D receptor ligand; and rs7944926 and rs382925, intronic SNPs in NADSYN1, which are in tight linkage disequilibrium (LD) with several SNPs in the adjoining DHCR7 (7-dehydrocholesterol reductase) gene (important to vitamin D metabolism in the skin).
Materials and methods
A total of 960 population-ascertained incident melanoma cases were recruited between September 2000 and December 2005 [8, 17] in a geographically defined region of the UK. Recruitment/blood sampling took place wherever possible 3-6 months after diagnosis. A total of 513 population-ascertained controls were randomly invited from individuals of the same sex and 5-year age group by the family doctor of cases, and 174 sibling controls participated, as described previously [18] . Studies were approved by the UK Multi-Centre Research Ethics Committee (MREC) and the Patient Advisory Group (PIAG). Informed consent was obtained from each participant.
Comprehensive sun exposure data were collected by questionnaire and subsequent telephone interview [17] . An initial postal questionnaire was completed by all participants (including a life-long residence calendar), and comprehensive sun exposure data were subsequently collected by telephone, based upon that residence calendar. Data were collected on weekday and weekend exposure (in sunny and colder weather), and holiday sun exposure (at low and higher latitudes) throughout life at 10-year intervals and in the last year. Sun exposure variables for this study were generated by using data collected on sun exposure in the most recent year, which were classified into thirds based upon their distribution in the population controls. For variables where more than one-third of the population controls reported no sun exposure, the data were classified into three groups: individuals with no sun exposure, individuals with less than or equal to the median sun exposure, and individuals with more than the median sun exposure. Sex, natural hair color at age 18 years, sunburn frequency, propensity to burn, ability to tan, skin color of inside upper arm and freckling as a child [19] were self-reported. A measure of deprivation (the Townsend score) was derived from the subject's current postcode based on 2001 UK Census data [20] . Higher scores are indicative of residence in more deprived communities. Data on the intake of supplements containing vitamin D were collected from cases (but not controls) and were categorized as taking any regular supplementation or not. Eye color and freckling scores were determined by research nurses as described elsewhere [21] .
25-Hydroxyvitamin D 2 /D 3 levels were measured as described elsewhere [16] in a single serum sample from 880 (92%) cases, 129 (74%) sibling controls and a subset (194, 38%) of population controls, taken around the time of data collection. Controls were sampled in pre-defined time periods only (due to funding constraints). 25-Hydroxyvitamin D 2 and D 3 levels were summed and henceforth referred to as ''serum vitamin D level''. The SNPs rs2282679, rs7944926, rs10741657, and rs3829251 were genotyped in germline DNA using the Taqman genotyping assays C__26407519_10, C__12043682_10, C__2958430_10 and C__27497388_10, respectively (Applied Biosystems, Foster City, USA). See Supplementary Data.
Statistical methods
Multiple linear least squares regression models of the determinants of vitamin D levels were fitted using the ''lm'' routine in R version 2.10.1, for the cases, the controls, and the cases and controls combined. Models were adjusted for season, BMI, sex, age, Townsend score and case-control status (where appropriate). The coefficient of determination (r 2 ) was calculated to measure the percentage of variance in seasonally adjusted vitamin D levels explained by each covariate, adjusted for the variables listed above. Supplementation data were available for the cases only; a separate multiple linear regression model was fitted in this subset that additionally adjusted for vitamin D supplementation.
LOESS curves were fitted to illustrate the complex effects of sun exposure, sun sensitivity, and supplementation on vitamin D levels and on the difference in adjusted vitamin D levels attributable to SNPs. Further details of the statistical methodology can be found in Supplementary Data.
Results
The descriptive characteristics of participants are summarized in Table 1 [8, 18, 22] . Cases had lower levels of unadjusted vitamin D (crude mean level of 53.5 nmol/L) than controls (crude mean levels of 57.3 and 60.1 nmol/L for population and sibling controls). There was a statistically significant difference between cases and sibling controls but not between cases and population controls (Table 2) . Overall suboptimal levels (\60 nmol/L) were common, being observed in 63% of cases and 55% of controls (data not shown).
Mean vitamin D levels are reported in Supplementary  Table 2 . Vitamin D levels varied with season (Table 2 ). Higher BMI was associated with lower serum vitamin D levels (adjusted estimate 0.52 units lower per unit of BMI, p = \0.0001). There was no effect of sex on vitamin D levels, but levels increased with age at diagnosis or interview both overall and in cases. Table 2 also shows vitamin D levels according to reported sun exposures for cases and controls separately and for all pooled, adjusted for the above factors. In the data from cases, we also adjusted for reported vitamin D supplementation. In most instances, little difference was seen in levels between cases and controls, so that we report special cases where differences were seen below. The strongest association with vitamin D levels overall was with holiday exposure at low latitudes (subjects adjusted mean levels increased by 9.1 units between the lowest and highest group of exposure). There was also strong association with average weekend exposure in recent warmer months, with weaker correlations with daily exposure and average holiday exposure. As reported previously [8] , individuals with greater sun sensitivity overall had lower vitamin D levels ( Table 2 ) and increased freckling on the shoulders (presumed to be a marker of greater habitual sun exposure in the fair-skinned) was associated with higher levels. Indeed, a strong positive association between freckling and higher reported levels of sun exposure is seen (Table S1 ). Use of low sun protection factor (SPF) sunscreen compared with no use of sunscreen was associated with higher serum levels in the total data set (adjusted estimate 5.72, p = 0.002, Table 2 ), although there was no evidence of an effect from high SPF sunscreen use.
To investigate the association between reported sun exposure and vitamin D levels, we plotted reported recent weekend sun exposure in warmer months against the recorded single vitamin D measurement and fitted a locally weighted scatterplot smoothing (LOESS) curve for sun-sensitive individuals and a separate LOESS curve for non-sun-sensitive individuals (Fig. 1 ). It can be seen that in cases and controls considered together, the LOESS curve describing the trend in vitamin D levels increased to a plateau of just under 60 nmol/L in individuals reporting an average of 5 h per day of weekend sun exposure for non-sun-sensitive phenotypes. For individuals with sun-sensitive phenotypes, a lower plateau was reached in individuals reporting an average of 6 h per day of weekend sun exposure. In melanoma cases not taking supplements, the plateau level of 60 nmol/L was reached after a higher (6 h) average duration of exposure in those with non-sun-sensitive phenotypes but not at all in the sun-sensitive individuals. In those taking supplements, the plateau of 60 nmol/L was reached irrespective of reported sun exposure.
We looked at the effects of inherited variation in SNPs in three genes reported to be associated with vitamin D levels. Serum vitamin D levels were an estimated 5.79 units lower in those carrying 1 copy of rs2282679 (p = \0.0001) and 10.8 units lower in those carrying two copies of the minor allele (p = \0.0001) compared with homozygotes for the common allele (Table 2 ). Figure 2 illustrates the relationship between genotype, average hours of weekend sun exposure in warmer months and serum levels, and it is seen that the levels were related to number of minor alleles inherited. Inheritance of the minor allele of rs7944926 was also associated with lower serum levels, although this only reached the 5% significance level (adjusted estimates 2.50 lower, p = 0.05, for 1 copy and 6.0 lower, p = 0.03, for two copies, compared with no copies). Inheritance of the minor allele of rs3829251, which is in strong LD with rs7944926 (r 2 = 0.49, D 0 = 0.97), showed a similar pattern of association (data not shown). There was no clear evidence of association between rs10741657 and serum levels in cases, or cases and controls combined (adjusted estimate -0.84, p = 0.5, for 1 copy of the minor allele, and 3.2, p = 0.07, for 2 copies, compared with none). However, there was some evidence of an association in the controls (adjusted estimate 5.05, p = 0.04 for 1 copy, 9.03, p = 0.01 for two copies compared with none).
The presence of red hair and a tendency to burn in the sun is largely a result of inherited variation in the gene coding for the melanocortin 1 receptor (MC1R). No relationship was seen, however, between MC1R genotype and serum vitamin D levels: for inheritance of two ''R'' variants which predict red hair most strongly or one ''R'' variant and one ''r'' variant, the estimate of the effect on serum levels was 0.87, p = 0.7 (data not shown), compared to inheritance of two wild-type alleles. No relationship was seen for other combinations of ''R'' or ''r'' alleles.
We looked at the proportion of the variance in serum vitamin D levels explained by the factors studied (Table 3) because of potential clinical relevance of the results. Since we only have supplementation data available for the cases, our analysis is based largely on this subset of the data although we show data additionally for controls. The factors that explained most of the variance in blood serum levels in analyses adjusted for age, sex, gender, Townsend score, season and case-control status were a measure of total sun exposure summating weekend, daily and holiday sun exposure (5.2%), dietary supplementation (6%) and inherited genotype of the SNP coding for the vitamin D-binding protein (4%). Of the different types of sun exposure investigated, average holiday exposure at lower latitudes explained the highest proportion (3.7%) of the variance. On average, participants who were homozygous for the variant allele in the gene coding for the vitamin D-binding protein (rs2282679) had mean seasonally adjusted serum vitamin D levels of 11.8 nmol/L lower than those wild type for this gene (Table 4) . When the data were stratified by exposures shown to have a marked effect on seasonally adjusted vitamin D levels, genotype for this gene appeared to be most strongly associated with supplementation. When participants were supplementing and were wild type, their blood levels were 18.8 nmol/L on average higher than those who were homozygous for the rare variant. In those reporting on average of more than 5 h in the sun on warm weekends, there was a mean difference of 14.7 nmol/L in levels for homozygotes.
Discussion
Vitamin D is recognized to be important for health overall [23, 24] and cancer prevention [3] . A recent meta-analysis found an association between increased vitamin D intake and decreased breast cancer risk [25] . Rhee et al. [26] also recently reviewed studies of colorectal cancer and concluded that prospective studies showed fairly uniform reduction in risk in relation to higher vitamin D levels. We have previously reported that serum vitamin D levels in UK melanoma patients are low and that low vitamin D levels are associated with both thicker tumors at diagnosis and survival even when stratified for thickness [16] . It is A strength of this study is that uniquely we report detailed sun exposure data in conjunction with measured phenotypes of relevance to behaviors in the sun, dietary supplementation and inherited SNPs postulated to influence vitamin D levels. The main weaknesses of the study are a lack of supplementation data and serum vitamin D measures in all of the controls. The data were collected from melanoma patients and healthy individuals, and therefore, the conclusions should be extrapolated to other populations with caution.
The relationship between sun exposure and melanoma risk is complex, in that sunburn and sunny holidays are associated with increased risk of melanoma [27, 28] , yet occupational exposure appears to be associated with a reduced risk [27] . Our recent observation that regular weekend sun exposure was protective for melanoma [29] is supportive of the view that vitamin D could have a role in the prevention of melanoma. The observation reported above that there was a statistically significant lower level of vitamin D in cases at diagnosis than in their sibling controls might be supportive of that view, but the data are based upon sampling after diagnosis so must be interpreted with caution. Table 3 shows the proportion of variance in levels explained by genotype and phenotype and examination of the differences between cases and controls. It can be seen that in controls, a greater proportion is explained by phenotypic variables such as nevus number than in cases, and a greater proportion by weekend sun exposure than in cases. We previously reported that sunburn (which was most associated with sunny holidays) was a risk factor for melanoma, yet weekend sun exposure was protective [29] . So the difference in the effect of weekend sun exposure on vitamin D levels between cases and controls was expected. The significance of the other differences including nevus count is, however, difficult to interpret especially as we cannot allow for the effects of supplementation in the controls, and the total number of controls was much lower than cases, so that the relatively small differences between cases and controls could simply be a function of sample size. It is recognized that blood levels of vitamin D are suboptimal in many populations, even surprisingly in Australia [30] . Our data show that in the UK, obesity (BMI [ 30) is associated with lower levels of vitamin D, as is widely reported. We also showed that increasing age was associated with higher levels, although older age groups in other studies from around the world have been reported to have lower levels of vitamin D [31] . Indeed higher levels of supplementation are commonly recommended for older age groups [32] . Some proportion of the reported lower vitamin D levels in the elderly in other studies may be related to reduced mobility and therefore reduced access to sun exposure [4] , and we would not have identified this sub-population in our study of essentially mobile recruits. A previous UK study in healthy female twins also showed increased levels with age, although this did not reach statistical significance [7] . In this study, therefore, we have shown that in the UK individuals who are not housebound do not appear to show a reduction in vitamin D levels with age, and indeed, there was evidence of the opposite.
Sun exposure explained the greatest proportion of the variance in levels in cases as expected. In a large study called ''Expolis'' [33] , in which time spent outdoors was estimated in randomly selected people living in seven European countries, the mean and median times per day outdoors was 1.68 and 1.38 h, respectively. This suggests that on average, the duration spent outside is less than that shown in our study to be associated with optimal levels of vitamin D (around 6 h/day weekend exposure in warmer months). Our data are therefore consistent with published data suggesting that vitamin D levels are consistently low in many studies worldwide, that is, our data are supportive of the view that the majority of the cases and controls in this study did not have sufficient sun exposure to result in optimal levels in the blood. It is of note moreover that for sun-sensitive people, there was a weaker relationship between weekend sun exposure and vitamin D levels ( Fig. 1) , and that overall sun sensitivity was associated with lower vitamin D levels which is consistent with previous studies [7, 34] . The lower levels in the most sunsensitive individuals are postulated to be behavioral, and indeed a lower proportion of the variance in levels was associated with holiday sun exposure (1.6% compared with 2.6% in the non-sensitive, data not shown). Although sunny holidays, particularly at low latitudes, were associated with higher vitamin D levels in controls, overall the association was weaker. One interpretation of the data presented in Table 3 is that melanoma patients achieved more vitamin D synthesis as a result of holiday sun exposure than controls, who achieved more as regular weekend sun exposure, and this indeed may reflect the etiological relationship between holiday sun exposure and melanoma risk. We found no evidence that regular use of high SPF sunscreen reduces vitamin D levels as reported by other studies (reviewed by Springbett [35] ). Springbett's conclusion was that although sunscreens have the potential to reduce vitamin D synthesis, in practice they do not. In the overall analysis, however, use of low SPF sunscreen did seem to be associated with higher levels. We postulated that the higher vitamin D levels might have resulted from participants using low SPF sunscreen in conjunction with sun-seeking behaviors. We see evidence to support this in our data; the median hours/year of sun exposure on holiday increased from 70 in those who used no sunscreen or high SPF sunscreen to 84 in low SPF users (data not shown). In the case-only comparison, however, this effect disappeared so that the significance of this effect remains unclear.
A strong predictor of serum levels was inheritance of the SNP in the gene coding for vitamin D-binding protein, (GC) rs2282679. The data suggest an additive effect on levels, and Fig. 2 shows evidence that sun exposure increases levels consistently, but the genotype influences blood levels reached. This supports evidence in similar previous studies suggesting an association between variants in the gene coding for vitamin D-binding protein and serum vitamin D levels [10, 11, [36] [37] [38] [39] . Recent individual genome-wide association studies have associated these SNPs with serum vitamin D levels [10, 11] , and our results provide independent confirmation that variation in the NADSYN1/DHCR7 region may influence vitamin D levels. We showed no relationship between the inheritance of variation at CYP2R1 rs10741657 and vitamin D levels in cases; however, we did see some evidence of association in controls. SNPs at this locus have been inconsistently associated with serum levels [10, 11, 40] . Carriers of two minor alleles of rs2282679 (8% in this study overall) had levels on average 11.8 nmol/L lower than wild-type homozygotes. This suggests that people will vary in how readily they respond to sun exposure and will need different levels of supplementation to obtain optimal serum levels.
The optimal level of vitamin D remains unclear, but levels of around 60-75 nmol/L are associated with a plateau in parathyroid hormone level [41] , with reduced risk of cardiovascular disease [15] and optimal survival from breast cancer [14] . Taking a level of at least 60 nmol/L as optimal, our data suggest that these levels are only achieved, on average, by those with sun-sensitive phenotypes, when they take supplements. It is hypothesized that these very fair-skinned people were unable to sustain enough sun exposure to synthesize sufficient vitamin D while protecting themselves from sunburn. Optimal levels were reached in a much higher proportion of individuals, irrespective of phenotype, if they took supplements rather than relying on sun exposure alone. There was moreover little evidence that supplement takers had excessively high levels even if they had high sun exposure (Fig. 1) .
In summary, we have shown that regular weekend and holiday sun exposure is associated with higher blood levels of vitamin D although optimal levels appeared to occur as a result of weekend exposure only when the participants reported exposure in the order of 6 h/day, so that overall the majority of participants in the study had sub-optimal levels. Photobiology studies have suggested that comparatively little sun exposure is sufficient to synthesize enough vitamin D, but the high prevalence of measured insufficiency in other studies suggests that in practice, this is an underestimate and this study would support that theory. Diffey recently also argued that the nature of casual sun exposure is insufficient to maintain adequate vitamin D in the modern world [42] , and a UK photobiology study recently concluded that supplementation would have to be considered if year-round levels of vitamin D in excess of 60 nmol/L were required [43] . Pros and cons of sun exposure versus supplementation have been argued and were eloquently discussed by Lucas and Ponsonby [44] , but in this study supplementation was associated with higher blood levels irrespective of sun exposure, and our data support its use especially in sun-sensitive individuals and melanoma patients. The marked relationship between inherited variation in the gene coding for vitamin D-binding protein, high BMI and blood levels suggests that some individuals will find it more difficult to achieve optimal levels than others and argues for measurement of serum levels after supplementation in the deficient.
